A potential advantage of platelet-like nanofillers as nanocomposite reinforcements is the possibility of achieving two-dimensional stiffening through planar orientation of the platelets. The ability to achieve improved properties through in-plane orientation of the platelets is a challenge and, here, we present the first results of using forced assembly to orient graphene nanoplatelets in poly(methyl methacrylate)/ polystyrene (PMMA/PS) and PMMA/PMMA multilayer films produced through multilayer coextrusion. The films exhibited a multilayer structure made of alternating layers of polymer and polymer containing graphene as evidenced by electron microscopy. Significant single layer reinforcement of 118% at a concentration of 2 wt % graphene was achieveddhigher than previously reported reinforcement for randomly dispersed graphene. The large reinforcement is attributed to the planar orientation of the graphene in the individual polymer layers. Anisotropy of the stiffening was also observed and attributed to imperfect planar orientation of the graphene lateral to the extrusion flow.
Introduction
Single and multi-layer forms of graphite, graphene, graphene oxide and graphene nanoplatelets have attracted significant research interest in recent years [1, 2] . Because of its outstanding mechanical properties, high surface area, extraordinary electrical and thermal conductivities, graphene has been reported to have a variety of potential applications, such as nanocomposites [3, 4] energy storage [5] , and photonic devices [6] . However, to date, most work on graphene polymer nanocomposites has focused on isotropic or random dispersion of the graphene in the polymer matrix, giving limited reinforcement [7] . If platelet-like fillers can be aligned in a plane of the polymer matrix, they provide the possibility of two-dimensional reinforcement in the plane of orientation [8] . Theoretically, if the requirements of both high volume fraction of filler and in-plane alignment of the platelets are met, the mimicking of nacre-like [9] structures might be achieved. Therefore, methods to create such structures, especially with a potentially industrially useful method, are desirable and important.
In the general case, graphene nanocomposites have been made in ways that emphasize good dispersion and have not examined heavily the possibility of creating oriented structures. For example, it has been reported [3, 4] that dispersing graphene or graphene oxide into a polymer matrix at low loadings (<1 wt %) can lead to good mechanical reinforcement for polymer nanocomposites, such as PMMA/graphene oxide [3] (33% enhancement of Young's modulus at only 0.01 wt %). One reason that has been given for the apparent strong reinforcement is that, via a solution mixing method, graphene and graphene oxide are dispersed with a wrinkled topology in the host polymer matrix [3] . Some researchers think that this provides strong interfacial adhesion between graphene and the polymer chains with a consequent significant increase in the glass transition temperature (T g ) of the polymer matrix [3, 4] . If this is the case, much of the high degree of reinforcement might be attributed to the changing thermoviscoelasticity of the polymer matrix due to the changing T g [10] rather than to a mechanical reinforcement per se. In addition to bench scale solution mixing, graphene nanoplatelets can also be dispersed into a polymer matrix via melt mixing, e.g. in most cases through extrusion, which is the most relevant tool for exploring potential industrial applications [7,11e14] . However, due to the high viscosities of polymer melts, melt extrusion usually falls short of providing effective dispersion of nanofillers and results in filler aggregation [12, 14] . Recently it has been shown that this method can be improved by multiplying the number of extrusion steps: a concentrated solid mixture of filler in polymers (or "master batch") is produced by melt mixing then further dilution one or more times with the same polymer to the desired concentration [15, 16] . It has been found that this technique can result in better dispersion of the nanofiller with consequently better composite mechanical properties. One reported example is the improved dispersion of graphene into a polyetherimide by Bian et al. [14] .
To the best of our knowledge, the development of methods to create in-plane oriented graphene in a polymer matrix in order to realize two-dimensional reinforcement have not been undertaken either for bench scale solution mixing or for melt extrusion. Kim and Macosko reported the production of slightly oriented polycarbonate/graphene nanocomposites obtained from injection molding. However, they also reported that wrinkling of the graphene in the polymer matrix resulted in only weak reinforcement [13] . Bian et al. reported dispersion and alignment of graphene in polypropylene by injection molding, but the mechanical reinforcement in that case could be attributed to increased crystallinity due to the graphene acting as a nucleating agent [14] .
Multilayer coextrusion is an attractive technique to produce up to thousands of alternating layers in films with individual layer thicknesses from 10 nm to multiple mm [17, 18] . In pioneering work, Baer and coworkers have used this "forced assembly" technique and have shown that immiscible polymer pairs and filled/unfilled polymers can be forced to combine into a unique multilayer structure, accompanied with interesting confined crystallization effects [19] , gas barrier properties [20] , and optical properties [21] . In addition, Koets et al. report the toughening of immiscible amorphous polymer pairs by multilayer coextrusion [22] .
Since multilayer coextrusion is scalable to industrial processing and alignment of anisotropic nanofillers can make desirable composites, it offers an attractive approach to orient nanoparticles with high aspect ratio A f , such as graphene nanoplatelets, in the layer plane. What we search to achieve in the present study is evidence that the forced assembly, by creating a structure with extremely thin layers filled with graphene, has the potential of creating a new type of nanocomposite in which in-plane oriented graphene is the reinforcing element. Fig. 1 shows a schematic of the multilayer coextrusion method of forced assembly and how the geometric constraints and the complex flow that includes biaxial stretching [23] may create the oriented graphene layers in the multilayer film.
To date the idea of dispersing and orienting anisotropic nanofillers through multilayer coextrusion has been only briefly investigated. In 1999, the Baer group reported incorporating talc micro-platelets into poly(ethylene terephthalate) micro-layer films to reduce oxygen permeability [23] . Very recently, Guo et al. [24] reported that enhanced electrical conductivity can result from oriented carbon nanotubes in layers with carbon black in polypropylene films formed through multilayer coextrusion. And Miquelard-Garnier et al. [25] have also reported on nanocomposites with improved mechanical properties through the dispersion of carbon nanotubes in polypropylene via multilayer coextrusion. However, to the best of our knowledge, multilayer coextrusion has not been exploited to orient platelet-like nanofillers, such as graphene, to reinforce polymer matrixes, with particular thought to creating a biaxially reinforced medium.
In the present study, we use forced assembly by multilayer coextrusion to develop a new class of polymer nanocomposites with planar oriented graphene nanoplatelets to achieve twodimensional reinforcement. To this end we prepared and studied two different nanocomposites made using the amorphous polymers polystyrene (PS) and poly(methyl methacrylate) (PMMA). The PMMA/PS couple is a typical alternating layered film structure used in multilayer coextrusion studies [22, 26] . Furthermore, commercial polystyrene/graphene master batch materials are now available in reasonable quantities. Therefore, the immiscible PMMA/graphene filled PS (PMMA/PS-graphene) system was the first that we investigated. In this instance we used a commercial PS/graphene master batch and compared the films obtained with similar films using a lab-made PS/graphene master batch. As poor strength of the films was observed, possibly due to the poor bonding between graphene and PS, and the weak interface between the PS and PMMA layers, we also made our own master batch of PMMA/graphene and used this to investigate the properties of PMMA/PMMA-graphene nanocomposites.
The morphology of the continuous layers and orientation of the graphene nanoplatelets were characterized with electron microscopy. Quasi-static mechanical and dynamic mechanical properties of the materials were determined. Differential scanning calorimetry was used to determine the glass transition temperatures of the systems, hence permitting us to evaluate the magnitude of any apparent reinforcement due to the changing viscoelasticity of the matrix materials due to a change in T g [10] .
Experimental methods

Materials
Neat poly(methyl methacrylate) was supplied by Altuglas International (PMMA V920T, MFI is 6 g/10 min at 230 C/3.8 kg; GPC using tetrahydrofuran and calibrated with polystyrene standards gives Mw ¼ 110 k, PDI ¼ 2.15) and neat polystyrene was obtained from Total Petrochemicals (PS 1340, MFI is 4 g/10 min at 200 C/5 kg; GPC in THF gives Mw ¼ 286 k, PDI ¼ 1.66). The graphene nanoplatelets came from two sources: virgin graphene nanoplatelets obtained from ACS Materials were used to make PS/graphene and Fig. 1 . Schematic of the multilayer coextrusion process for production of multilayered polymer nanocomposites with alternating layers of unfilled polymer and polymer containing oriented graphene.
PMMA/graphene master batches in our laboratories. Prior to extrusion the PMMA systems were dried in a SOMOS dry air dryer T 20 eco system at 80 C for 4 h. A commercial polystyrene/15% graphene nanoplatelet filled master batch was obtained from Ovation Polymers Company. The characteristics of the master batches and the graphene nanoplatelets are presented in Table 1 .
Preparation of lab made polymer/graphene master batches
The lab-made PMMA/20 wt % graphene master batch was prepared from the Altuglas PMMA and the ACS Materials graphene nanoplatelets following a solution mixing method used by Ramanathan et al. [3] and adapted here for bigger quantities. 15 g graphene and 60 g PMMA were dissolved in 600 mL THF (Emparta ACS) at 40 C and the mixture was mechanically stirred for 2 h to assure good dispersion. The mixture was precipitated by adding 6 L water and vacuum dried at 80 C for 24 h. The lab-made PS/graphene master batch (20 wt %) was prepared using the same method.
Preparation of the polymer/graphene formulations
Prior to multilayer coextrusion, the relevant PMMA-graphene formulations (0.5, 1.0 and 2.0 wt %) to be used in extruder 2 (see Fig. 1 ) were prepared by diluting the PMMA-20 wt % graphene with the neat PMMA using a Thermo Haake PTW 16-40D co-rotating twin-screw extruder at 600 rpm and 215 C. The PS-graphene formulations (0.5, 2.0 and 4.0 wt %) were prepared by diluting the commercial PS/15 wt % graphene master batch from Ovation Polymers Company with the Total Petrochemicals PS, using the same twin-screw extruder at 200 C with co-rotating mixing, again, at 600 rpm. The specific mechanical energy (SME ¼ torque Â screw speed of the extruder/throughput of the mixing) was around 5000 kJ/kg for the PMMA systems and 8000 kJ/kg for the PS systems. For the two systems, this value was fixed as high as possible, following studies by Pötschke [27] and others [25] showing that a high SME value for twin-screw extrusion results in better dispersion of nanofillers in polymers.
Multilayer coextrusion requires a reasonable viscosity match between the polymer melt streams [18] . In the present study, because the films were prepared with different amounts of graphene nanoplatelets, the viscosity ratio between the two melt streams (h graphene filled polymer /h PMMA ) could not be maintained constant. The viscosity ratios were obtained from the apparent steady shear viscosities of all polymers and graphene formulations as a function of temperature to choose acceptable operating conditions. The viscosity ratio varied with increasing concentration of graphene. At the shear rate of 4 s À1 to simulate the flow condition in the extrusion, for the PMMA/PS-graphene systems (0.5, 2 and 4 wt %) the variation of viscosity ratio was from 0.25 to 0.53 at 240 C and for the PMMA/PMMA-graphene systems (0.5, 1 and 2 wt %) it varied from 1 to 0.53 at 225 C.
Fabrication of multilayer polymer/polymer-graphene films
Using a multilayer coextrusion process ( Fig. 1 ), the primary polymer melt A (in this study always PMMA) and the secondary polymer melt B (PMMA or PS) filled with graphene, were extruded from two single-screw extruders (Extruder 1: Mapre, 30 mm diameter with a barrel of length-to-diameter ratio of 33 and speed fixed at 37 rpm; Extruder 2: Scamex, 20 mm diameter with a barrel of length-to-diameter ratio of 20 and speed between 30 and 45 rpm) respectively, combined in a classical three layer coextrusion feed block (ABA). In this study, the percentage of polymer B in the film was kept constant at 10 wt %. Exact values for this ratio were calculated after extrusion by measuring the mass flow rate and always found to be between 9.3 and 10.8%.
The three-layer melt block flows through a series of mixing elements with the process of vertical slicing, biaxial stretching and recombining [24, 25] shown in Fig. 1 to produce 2 nþ1 þ1 layers (n being the number of mixing elements). In this study, 0, 6 and 10 mixing elements were used, giving films containing respectively 3, 129 and 2049 layers. These are then spread through a flat die (width ¼ 100 mm, thickness ¼ 1 mm) and onto a chill roll drawn at 1.7 m/min and maintained at 80 C to allow relaxation of the PMMA. The result is a rectangular film made up of the alternating layers. For the two single-screw extruders, mixing elements and die were set to 225 C for the PMMA/PMMA systems and 240 C for the PMMA/PS systems. The residence time for the melts in the mixing element segment, estimated using the throughput of the extruder, is approximately 2 min.
The final concentration of graphene was then 0.05, 0.1 and 0.2 wt % in the PMMA/PMMA films, and 0.05, 0.2 and 0.4 wt% in the PMMA/PS films if both filled and unfilled layers are counted.
Morphological analysis
Optical microscopy: 20 mm thick slices were obtained using a Leica RM 2225 microtome. The cuts were made perpendicular to the extrusion flow direction. They were then observed by transmission optical microscopy using an Olympus BH2-UMA. Images were analyzed using ImageJ (an open source image processing software developed by the National Institutes of Health) and at least five images were used for quantitative analysis.
Electron microscopy:
-Scanning electron microscopy (SEM) and scanning transmission electron microscopy (STEM): 70e80 nm thick slices from the films were obtained using a LKB BROMMA 2088 ultratome with a glass knife at the speed of 2 mm/s. The cuts were perpendicular to the extrusion flow direction. Images were collected using a HITACHI 4800 SEM in SEM and STEM modes. -Transmission electron microscopy (TEM): TEM was performed using a TESLA BS500 electron microscope operating at 90 kV. Approximately 50 nm thick sections were microtomed from multilayered films with a Power Tome XL ultramicrotome equipped with a diamond knife. Again, cuts were perpendicular to the extrusion direction.
2.6. Property measurements
Steady shear viscosity measurement
The apparent steady shear viscosity of all polymers and graphene formulations were determined using an ARES Rheometer (TA Instruments) with 25 mm diameter parallel plate fixture at a shear rate of 4 s À1 to simulate the flow condition in the extrusion. In the mixing elements section, one can estimate the shear flow knowing the throughput of the extruder (around 6 kg/h), the density of the PMMA (1.18) and the dimensions of the mixing elements (10 Â 10 mm) and obtain a value close to 8 s À1 . The 4 s À1 shear rate was chosen because the high viscosity system gave a torque at the limit of the instrument for this rate.
Mechanical properties
Quasi-static mechanical properties of the multilayer films were determined in uniaxial extension using an Instron 4301 testing machine with a 1 kN load cell. At least five specimens of each sample (0.3e0.5 Â 10 Â 110 mm 3 ), cut parallel and transverse to the extrusion flow direction, were tested at ambient temperature and 50% relative humidity at a cross head speed of 5 mm/min. Strain was obtained from the cross head displacement and original sample length (110 mm) between the grips of testing machine. Tensile modulus was calculated within the linear regime of strain (0.2e 0.4%) from the stress versus strain curves.
The dynamic moduli at a single frequency of 1.0 Hz were determined using a TA Instruments Q800 DMA with a rectangular specimen (0.3e0.5 Â 5 Â 20 mm 3 ). Compliance was calibrated with a stainless steel strip by using the internal instrument procedure. A dynamic temperature ramp at 2 C/min was run at 1 Hz and 0.5% strain over the temperature range from 40 C to 130 C. It was verified that the measurement remained in the linear viscoelastic domain. Three samples were tested for each type of sample investigated.
Glass transition temperature determination
The glass transition temperature T g was determined from calorimetry as the limiting fictive temperature T f ' [28, 29] . The calorimeter was a TA Q10 differential scanning calorimeter (DSC, TA Instruments) and the tests were run in heating at 10 C/min after cooling at 10 C/min from a temperature of 130 C under nitrogen flow.
Annealing test
Films were cut to 5 Â 5 mm 2 and annealed at 125 C for 1 h. The dimension change was obtained using optical microscopy to characterize de-orientation of the polymer chains.
Results and discussion
Structure and morphology
Electron microscopy was used to confirm the existence of the continuous layer structure of the films. Multilayer coextrusion produces polymer films with alternating layers, and the thickness of the layers is controlled by varying the number of layers and keeping the total thickness of the films constant. The overall thicknesses of the films in the present study were approximately 0.5 mm and 0.3 mm for PMMA/PS and PMMA/PMMA systems, respectively. For example, taking into account the weight ratio of 9:1 for the two polymer layers, the multilayer films with 2049 layers contained individual layers with a theoretical thickness of 500 nm for the PMMA and 65 nm for the PS in the PMMA/PSgraphene films, and 290 nm and 35 nm for PMMA/PMMAgraphene films. The layers then provide the geometric constraints to orient the graphene nanoplatelets.
Due to these constraints, graphene nanoplatelets were expected to be oriented in the confinement by the thin layers. The layer and orientation were studied by SEM, STEM and TEM. It was found that the concentration of graphene influenced the alternating layer structure.
PMMA/PS-graphene system
The STEM and SEM images of Fig. 2 show cross sections of the 2049-layer PMMA/PS films with 0 wt %, 0.5 wt %, 2 wt % and 4 wt % graphene nanoplatelets in the thin PS layers. The layer continuity was evidenced and the influence of graphene on the layer structure was studied, although the graphene confined in the thin PS layers was difficult to observe.
The PMMA and PS layers (white and black) are readily distinguished as continuous layers (Fig. 2a) , with the thickness close to expectation (PS: 60e90 nm; PMMA: 300e600 nm), although with some nonuniformity with the addition of 0.5 wt % graphene (Fig. 2b) . However, when the concentration of graphene is 2 wt % in the PS layers, some layers break and are no longer continuous. (Fig. 2c ). We also note that the addition of graphene swells the layer, which may lead to the break-up of layers at higher concentrations of graphene. When there is 4 wt % graphene in the PS layers, most of the layers are broken, with some aligned lamellae and some droplets. (Fig. 2d ) Therefore, 2 wt % graphene is found to be the upper limit in our filled layer to maintain the layer structure.
PMMA/PMMA-graphene system
We first used optical microscopy to characterize the morphology of the multilayer films at the micro-scale and to compare the dispersion of graphene nanoplatelets for films with different number of layers. To quantify the dispersion of graphene nanoplatelets, the fraction R of the total aggregates with diameter >5 mm (area > 19.6 mm 2 ) over the total area of the sample was determined following the work of Pötschke [27] . Although the value obtained cannot be related to the real volume fraction of aggregates in the sample, concerning the thickness of the sample imaged, it is still observed that the large aggregation (particles > 5 mm in diameter) fraction R decreases as the number of layers increases. Although it is clear that some large aggregates remain in the sample, which certainly results in the local perturbation of the nano-scaled layers even when 10 mixing elements are used, the dispersion of the graphene nanoplatelets and the breakage of aggregates in the relevant polymer matrix appears to increase upon increasing the number of layers. In the process of multi-layer co-extrusion, the mixing elements slice the melts with the result that the graphene aggregates are broken up to a large extent. In addition, due to the limitation of resolution, optical microscopy is not able to show the layers below 1 mm(For the PMMA/ PMMA films, the thickness of the filled layers are 450 nm and 35 nm for the 129 and 2049 layer films, respectively). In addition, the contrast between PMMA layers is too low to show distinct layers using optical microscopy. These are the reasons that Fig. 3 does not show a distinct layered structure.
STEM and TEM were in consequence used to study the graphene orientation and aspect ratio, when the layer thickness reaches the nano-scale in the 2049-layer films (see Fig. 4 ). With no graphene, as expected ( Fig. 4a ), there is no clear distinction between the thin PMMA and the thick PMMA layers. However, when there is 1 wt % graphene in the thin PMMA layers, the individual graphene nanoplatelets can be observed and appear mostly oriented in the plane of the layers (horizontal direction in Fig. 4b) , with distribution of platelet length ranging from approximately 50e150 nm.
When there is 2 wt % graphene in the layers, the concentration appears to reach, similar to the PMMA/PS system, an upper limit which starts to perturb the nanostructure ( Fig. 4c and d) . Fig. 4c displays some small or wrinkled graphene nanoplatelets which are still expected to be confined within the thin layers (dashed lines), similar to the results reported by Gupta et al. [20] for polypropylene/10 vol. % phosphate glass particle filled polypropylene multilayer films. On the other hand, Fig. 4d shows a large and oriented graphene with a length of approximately 600 nm. Although there are some stacks of graphene nanoplatelets, e.g. 60 layers of graphene with 20 nm thickness, the stacks of graphene can still be confined in the thin layers (30e40 nm thick). It is also possible that the thick-looking graphene nanoplatelets are not stacks of graphene, but rather they are titled platelets. It should be noted that the length of the graphene nanoplatelets is, in any case, smaller than the data provided by the suppliers, but the observed particles may not be totally flat (since thickness, on the contrary appears greater than the supplier provided information (see Table 1 ). Extrusion is also known to result in the shortening and breakage of nanofibers [27] and nanoplatelets [30] , so this is not unexpected.
As seen in Fig. 4 , it is difficult to give an average aspect ratio for the graphene nanoplatelets, due to the variety of shapes, lengths and thicknesses, the precision of the apparatus, and the relatively small scale of the pictures. To obtain more quantitative information concerning the size and orientation of the nanoplatelets, indirect scattering methods could unfortunately not be performed because the graphene concentrations in the samples are too low for simple scattering characterization.
In consequence we can approximate the aspect ratio assuming the graphene thickness is 2e10 nm as given by the material provider. Then the aspect ratio A f ¼ length/thickness, depending on whether one has a wrinkled or flat shape of the nanoplatelet, can be estimated to range from 5 to 10 (wrinkled particles) up to 100e300 (flatter ones). In the next section we compare these values of aspect ratio with estimates from mechanical reinforcement data and the Mori-Tanaka model of composite reinforcement [31] .
Glass transition temperature
Polymers are frequently used at ambient temperature or above and this can be a high fraction of the glass transition temperature [32] . Because of this a change in T g can impact the thermoviscoelastic response of the polymer matrix significantly [10, 32] . Hence it is important to establish that any observed stiffness increase in a nanocomposite relative to the neat resin is not simply the result of an increased T g . For example, a 16 C increase in T g in poly(ethyl methacrylate) (PEMA) with 0.25 wt % graphene oxide gives an apparent 25% reinforcement at room temperature, and this could be mistaken for a large graphene oxide reinforcement [10] . Therefore to quantitatively study the reinforcement of the planar oriented graphene, the glass transition temperatures of samples taken so that they comprised the entire film thickness were studied by DSC and normalized heat capacity was determined to compare T g variations [33] . As shown in Fig. 5 , the T g is observed to increase by approximately 1.5e2 C upon the addition of 2 wt % graphene to both the PMMA and PS thin layers. Hence the shift of the T g due to the presence of graphene in the present work is small, unlike previous work with the nanocomposites of PEMA/graphene oxide. [10] Subsequently, we show that this small change of T g results in only modest apparent reinforcement and that most of the reinforcement observed in the present work occurs due to the oriented graphene and not to the change in T g due to confining effects of the nanofillers.
Mechanical properties
From the microscopy we can see that, as we hypothesized, the forced assembly method succeeds in orienting, to some extent, the graphene in the plane of the layers. Therefore, in the direction of the orientation, nanocomposites with such structures should provide enhanced stiffening of the composites in the plane directions in which the graphene platelets are aligned. To confirm the microscopic observations, we examine the stiffening or reinforcement of the multilayer composites in two ways. We first considered the modulus of the multilayer films, themselves. The results show, in this case, modest reinforcement because the individual reinforcing elements (individual layers filled with graphene) make up only 10% of the film itself and, so, are effectively diluted. We, therefore, then analyzed the results by estimating properties of the single, graphene-filled, layers. We have also analyzed the experimental results within the framework of the Mori-Tanaka model which gives an additional estimate of the graphene platelet aspect ratio. This was found to be in the same range as the estimates obtained from the microscopy measurements for flattened nanoplatelets. Fig. 6a and b show the relative stiffening of the multilayer films along extrusion flow direction based on the quasi-static tension tests and dynamic mechanical tests, respectively. The figures show the ratio E/E m of the composite modulus E to the modulus E m of the corresponding unfilled multilayer film (for PMMA/PMMA, E m ¼ 2.89 GPa; for PMMA/PS, E m ¼ 2.71 GPa, as measured in our lab). The results are plotted as a function of the weight fraction of graphene in the full film. From the quasistatic tension tests, we see that as the addition of graphene increases to 0.2 wt % for the total film, the reinforcement is 11.0% for the 2049-layer PMMA/PMMA-graphene film (E ¼ 3.21 GPa) and 4.2% for the 2049-layer PMMA/PS egraphene film (E ¼ 2.82 GPa). In addition, as expected, the reinforcement due to the graphene in the 2049-layer film is greater than in 129layer and 3-layer films, consistent with the idea that increasing the number of layers improves the graphene orientation. From Fig. 6b we see that the DMA results give a similar trend, but somewhat weaker than the quasi-static tension test, i.e., approximately 8% increase in modulus for the 0.2% graphene in PMMA/PMMA system. The slight difference can possibly be explained because the DMA tests were performed at 1.0 Hz and 40 C while the static tension tests were performed at a rather low strain rate of 7.6 Â 10 À4 /s and at room temperature. In addition, in fracture toughness tests (data not shown), up to 0.2 wt % graphene, the brittleness of the films does not change significantly.
Reinforcement of multilayer films
The PMMA/PS-graphene films made from the commercial master batch appear to display weaker reinforcement than PMMA/ PMMA-graphene made from the lab-made master batches. This might be due to the poor bonding between graphene and PS or the poor bonding between the PS and PMMA layers. 1 In addition, we note that the commercially supplied master batch has additives in the mix to improve the graphene dispersion and this could also be a factor in the lower reinforcement. Regardless, in what follows we consider only the PMMA/PMMA-graphene system in an examination of the reinforcement in terms of the individual graphene reinforced layers rather than the total film.
Reinforcement of a single, graphene filled PMMA layer
From the measurements on the multilayer films, we can estimate the modulus of the actual single, graphene filled layer (see equation (1)). Although the microscopy was not conclusive that there are distinct filled/unfilled layers in the PMMA/PMMAgraphene system, it is still reasonable to assume, in a first order approximation, that the graphene nanoplatelets are mainly confined within the thin PMMA layers and aligned in the flow direction. Such an assumption is reasonable because of the short residence time of the melt streams and slow diffusion of the graphene nanoplatelets in the mixing elements (w2 min). Using the StokeseEinstein equation [35] and an equivalent spherical diameter [36] for the graphene nanoplatelets. For example, for diameters of 28.8 nm (for a 5 nm Â 50 nm Â 50 nm platelet) and 72.6 nm (for a 5 nm Â 200 nm Â 200 nm platelet), the mean-square diffusion displacement in 2 min is estimated to be 1130 nm 2 (d z 34 nm) and 449 nm 2 (d z 21 nm), respectively, for a melt viscosity of 5367 Pa.s at a temperature of 225 C. Considering the concentration of graphene, the system is not a dilute dispersion, and we would, therefore, expect that the particle diffusion should be slower than the StokeseEinstein estimate because of the particle interactions [37] . Hence, the actual diffusion displacement of the graphene nanoplatelets would be significantly less than the above estimates. In addition, even if there are stacks of graphene, the larger particles should have even slower diffusion than the simple StokeseEinstein estimates above. To conclude, even not considering that the particles need to move laterally to the (apparent) orientation direction nor the fact that the diameter reductions would be greatest in the last stage of the process, the distance migrated out of the confining layer by the graphene nanoplatelets should not be enormous. The examination of the reinforcement of the single PMMA layer containing the graphene, and the comparison with micromechanical predictions assuming alignment of the nanoplatelets, provides us with insight into the advantages of the forced assembly in orienting the graphene. It also provides information about the efficiency of orientation within the single layers. This is particularly relevant if one can eventually make multilayer systems in which all of the layers are of nanometer thickness and reinforced by graphene.
The tensile modulus E single of a single graphene filled PMMA layer can be estimated using equation (1) , which corresponds to the results from the Voigt upper bound mixing rule [38] , where V thick and V single are the volume fraction of the unfilled thick PMMA layers and single graphene filled PMMA layers, respectively.
In order to obtain further insight into the single layer reinforcement, we used the Mori-Tanaka model [31] to analyze the graphene reinforcement in the single filled PMMA layer. Tandon and Weng [39] have derived an analytical form of the MorieTanaka model for the tensile modulus in composites with unidirectionally aligned isotropic platelets:
where E m , n m , and V f are tensile modulus of PMMA, Poisson's ratio of PMMA and volume fraction of graphene, respectively. A and A i are functions of V f , n m and the Eshelby tensors provided by Tandon and Weng. [39] In the case of the single layer, E single ¼ E. We have assumed E m ¼ 2.89 GPa, n m ¼ 0.35 . and the tensile modulus of the graphene sheet was taken as 1060 GPa (value measured by nanoindentation [40] ). At low volume fraction, the MorieTanaka model is insensitive to the Poisson's ratio of the filler and we have assumed that graphene is isotropic with a Poisson's ratio of 0.006. [41] In Fig. 7 , for the case of the 2 wt % graphene in the individual layer, the degree of apparent reinforcement is 118% (from the quasistatic tension tests) and 86% (from the DMA results). These results are close to the predictions from the Mori-Tanaka model with A f ¼ 225 or 137, for quasi-static or DMA testing, respectively. This is similar to values from 100 to 300 estimated from the electron microscopy images described previously for the flattened nanoplatelets. The high amount of reinforcement is significantly greater than previously reported for reinforcements in isotropic or random dispersions of graphene in polymer matrices. For example, a 2 wt % graphene dispersed in PMMA by in situ polymerization gave a 39% reinforcement [4] and a 2 wt % graphene dispersed in polycarbonate by melt mixing gave a 21% reinforcement [13] . Importantly, the single layer analysis shows that we achieve significant reinforcement in the polymer by orientation induced by forced assembly.
With regard to the small increase in T g , we modified the mechanical results versus temperature to give corrected reinforcement E(T À T g )/E m (T À T g ) [10] , and also compared the results with the Mori-Tanaka model. In that case the fitting parameter A f gave values of 180 and 102 for quasi-static and DMA experiments respectively, as shown in Fig. 7 , again in the range of the estimated A f values for aligned nanoplatelets, obtained from the electron microscopy images. For the 2 wt % graphene in the filled layer, the reinforcement is 101% (from quasi-static tension test) or 69% (from DMA), still higher than previously reported reinforcements in isotropic or random dispersions. A point worth making here is that comparison of the corrected reinforcement with the apparent reinforcement, shows that there is an extra 15e20% reinforcement that arises from the relatively small change in T g .
We have also examined the two-dimensional reinforcement in the single layer from the measurements of modulus perpendicular to the extrusion direction. Indeed, when the film leaves the extruder, its thickness is close to 1 mm, whereas the final film thickness obtained after the chill-roll is between 0.3 and 0.5 mm, indicating orientation of the polymer chains. A point of importance here is that annealing of the samples above T g and watching them de-orient, gives the result that the deorientation is approximately the same for the graphene filled and unfilled system. We interpret this to imply that the addition of the graphene does not significantly change the orientation of polymer chains induced by the multilayer extrusion process. Hence, we can compare the reinforcement relative to the neat resin properties using the extruded film estimates and the neat PMMA/PMMA multilayer film properties of the tensile modulus of 2.89 GPa and 2.08 GPa, along flow and transverse directions, respectively. We compare the mechanical properties by considering the tensile modulus of the single graphene filled layer, along both flow and transverse directions. Fig. 8 1 We note that a significant spontaneous delamination between the PMMA and PS layers occurred after two months of the samples sitting at ambient conditions in the lab, apparently due to the low interfacial adhesion between the immiscible PS and PMMA layers [34] . presents the T g corrected reinforcements of flow and transverse directions. We see from the figure that the transverse reinforcement is weaker than that of the flow direction and the difference between the two gets larger the higher the graphene content. We discuss the possible mechanism in the next section.
Graphene orientation
The ability to create a two-dimensional, maybe nacre-like, structure that gives isotropic in-plane stiffening through platelet orientation [42] is a promising advantage of the forced assembly method of making graphene or other platelet-like nanocomposites. In the previous section we saw that we obtained very good reinforcement of the single graphene reinforced layers in the flow direction and more modest reinforcement in the perpendicular direction. To explain our observations of planar reinforcement and its anisotropy (which cannot be explained by the presence of wrinkled, almost isotropic, graphene nanoplatelets) we can apply the Krenchel's approach [43] and Brune and Bicerano's model of "small off-plane deviation: imperfect planar orientation" [44] .
There are some studies that explore how platelet-like particles orient during flow [43e46]. Although numerical methods predict that the major axis of rectangular platelet-like particles aligns in the shear flow direction [45] , in Paul's work of polymer/nanoclay composites produced by injection molding, a lower degree of alignment of platelets was observed by TEM in the transverse direction compared to the flow direction [46] . Paul also reported higher thermal expansion coefficients in the transverse direction, corresponding to the non-uniform orientation [46] . This work indicated an imperfect planar orientation of platelet-like particles, and there has been some theoretical work to predict the effect of imperfect alignment on the composites properties. Both Lele et al. [43] using Krenchel's approach [47] and Brune and Bicerano [44] using a numerical method, showed that a small off-plane deviation from perfect planar orientation of platelet-like particles can reduce the reinforcement significantly.
When graphene nanoplatelets are in such an imperfect planar orientation or "tilted" in the transverse direction, we can estimate the transverse reinforcement from the axial reinforcement (Brune and Bicerano assumed that the axial reinforcement equals to the maximum reinforcement for perfect planar orientation) as being tilted at an angle q to the flow direction with the following method:
If we assume that the individual graphene filled PMMA layer thickness is 35 nm and the length of the graphene nanoplatelets confined in the layer is 120 nm, the maximum tilted angle q equals to sin À1 (35/120) ¼ 17 . Following Krenchel's approach [43, 47] , we can estimate the lateral tensile modulus using equation (3):
where q is the tilted angle to the flow direction, equaling to the angle to the lateral tensile load direction E f is the tensile modulus of the graphene sheet. Krenchel's approach (equation (3)) gives a value of the transverse reinforcement (E/E m ) transverse ¼ 0.86 (E/ E m ) axial , which is somewhat higher than the experimental results presented in Fig. 8 . Brune and Bicerano [44] solved the full tensor constitutive equations numerically and, from their graphical solution we estimate that (E/E m ) transverse ¼ 0.75 (E/E m ) axial, closer to the experimental result. Future work should explore the possibility that this imperfect planar orientation could be improved by combining the multilayer coextrusion with an external biaxial stretch [20] .
Conclusions
We have used forced assembly through multilayer extrusion methods to create PMMA/PS-graphene and PMMA/PMMAgraphene multilayer films. A combination of microscopic analysis of the morphology of the multilayer films and mechanical property measurements provides evidence that the reinforced layers contain oriented graphene in the direction of extrusion and partially oriented in the transverse direction. The amount of reinforcement is greater than normally reported for graphene nanocomposites and has been attributed primarily to the graphene orientation and not to the small increase in the glass transition temperature of the reinforced matrix. For the PMMA/PMMA-graphene system with 2% by weight loading of graphene in the thinnest layers (35 nm), the room temperature, flow direction tensile modulus is 2.18 times that of the neat resin while accounting for the increased T g reduces the estimated reinforcement to approximately 2.01 times that of the neat polymer matrix, still a significant effect. For the 40 C data from dynamic testing the similar relative moduli are 1.86 and 1.69 for the non T g -adjusted and T g -adjusted values, respectively. The lateral degree of reinforcement at the same graphene loading in the PMMA/ PMMA-graphene system is approximately 75% that of the flow direction reinforcement, leaving room for improvement in the properties in the transverse direction. The results suggest that forced assembly by multilayer extrusion offers the opportunity of creating layered structures with high degrees of in-plane reinforcement and further refinements of the method should be developed.
While some of the results for the PMMA/PS-graphene are similar to those of the PMMA/PMMA-graphene system, the material is not very strong and weakens with time, possibly due to poor adhesion between the PS and the graphene and the weak interface between PMMA and PS. It has been suggested that the interface can be improved by the use of block copolymer compatibilizers to prevent delamination in this system [34, 48] .
